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" NOTATION LIST

Geometric Variables

O - T

o oo

Vv
D

S 4

s ¥

Plate width

Plate length

Nozzle exit diameter
Valve cross section

Nozzle exhaust|cross section

yZ3X,¥,2 Cartesian cocordinates|

Inclination of the nozzle jet axis with respect to the
channel axis (¢ = 90° for perpendicular incident flow)

Flow wvarisables

T Helm @

Speed of sound

Local total pressure

Mass flux

Local static pressure

Pressure at the outer side of the probe

Pressure at the top side of the probe
Pressure at the shaft side of the probe
Ambiant pressure

Pressure along the underside of the probe
Local stagnatlion pressure

Contribution of local velocity

Incident flow velocity
Jet velocity at nozzle exit
Xx-y-z—components of loecal velocity

Angle between local flow direction and horizontal
channel central plane (downwind angle)
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B Angle between local flow dlrection and x-z plane (side-!
‘ wind angle).

ReD Reynolds number Re =\iD -Iﬁ/p; v = |kinematic viscosity.

Ma Mach number Ma = V./a.i
b it

Other variables and abbreviations

t Temperature in °Celsius
T Absolute temperature

Temperature ratio of nozzle jet and

; i’ oo surroundings
yE VJ/VQJ Ratio of velocities of nozzle jet and
incident flow

S 2 2

¢ = mivj)/hkovag) Ratio of momentum fluxes of nozzle jet and
‘i ' incident flow (momentum ratio)

|

%@ - aw/a Ratio of loecal flow direction « and nozzle
@ ' inclination angle ¥ w
%AP3‘=Pa"PS Pressure difference due to sidewind |
pra= P, - Py Pressure difference because of downwind |
Subseripts

m Uncorrected measured value

J Value referred to jet at nozzle exit

X,V L2 Value In direction of coordinate axis x, y, =

L oo Undisturbed flow

M Value at center of Jet

H Value at electrical heater

R Value in front of nozzle exit point

1. 2. 3.¢..Measurement point subscript



EXPERIMENTAL INVESTIGATION OF THE FLOW FIELD OF A
HOT TURBULENT JET WITH LATERAL FLOW#

PART II

L. Harms

/f*ﬂ
1. INTRODUCTION

Mixing processes between two crossing flows are very funda-
mental In fiuld mechanics. 1In most of these mixing processes
we have the case 1n which both flows differ greatly as to velocity,
direction, mass or temperature. A round jet in a transverse flow
is a typical example of such a flow, which can be encountered in
various areas of technology.

It is very important tc have information on the behavior of
engine jets [1] for the design of Jjet supported short takeoff and
vertical takeoff aircraft. The emerging engine jets are deflected
by the flight wind and are deformed, and in the vicinity of the
Jets there are large induced interference forces whichract on thﬂ
alrcraft body [2]. These forces have a detrimental effect on the
performance and stabllity of the aircraft, especlally during the
landlng and takeoff phase.

¥ GJerman Research and Test Facility for Aerodynamics and Space
Flight. Central Division for Low Velcelty Wind Tunnels,
Braunschweig-G8ttingen+Porz-Wahn., Contract: 157/110/3/01/02,
Presented at Colloquium for DGLR Specialists Group "Rigid
Wing Airecraft" on December 6, 1973 in Porz~Wahn., Institute
Director -~ Professor H. Schlichting.

¥%¥ Numbers in the margin indicate pagination of original foreign
text.



Another example of mlxing processes which occur with Jets in
obligue cross loads is the cooling problem of walls which are sub-
jected to hot gas flows. For example, in engine construction, the
walls are cooled by expelling cold alr from cold walls [3]{

Similar conditions are found in sspacecraft; under hypersonic flight
conditions [4] where cooling agents are expelled through perforated
walls into the wall boundary layer. Even though several jets are
required for an effective cooling, it is necessary to clarify the
basic flow processes using a single jet. The simulation of different
temperatures of the nozzle jet.and the transverse flow can be easily
carried out by heating the nozzle jet in experiments. It can be
assumed that the results on propagation processes of heated jets

then can be transferred to cooling problems in the correct manner.

The knowledge of the variation and mixzing of the jet in a
cross flow is also known from problems encountered in environmental
science [5]. Here we are interested in the propagation of smoke
fumes from chimneys into the atmosphere and the mixing of warm

cooling water flows in rivers [6].

Because of the 1mportance of jet flows in cross winds for a /6
large number of applications, g number of Investigations have
been carrled out with unheated jets. The dissertation of Chang [7]
for jets in a transverse flow includes some of the first theoretical
work. The experimental results obtained in conjunction with the
development of VIOL aircraft on the jet in a cross wind are|

summarized in [8].

P, T. Wooler, G. H. Burghart and J. T. Gallagher [9] considered
the Interaction between the jet and the crosswind by means of the
friction resistance of a cross wind and the mass suction of the Jet
when they developed a model for the flow of the jet in a cross
wind., They had to usé empirical models for the mass suction and the
momentum from experiments by J. F. Keffer and W. D. Baines [10]



and by R. Jordinson [11]. In a paper by H. Schmitt [12], new
approaches for mass suction are presented and the empirical
constants include measurement results on the jet width and average

jet velocity.

Not much information 1s available on the behavior of hot Jets.
The present 1nvestigation will clarify the influence of temperature
or density on the flow field of a round jet in a cross flow. For
this purpose, we investigated the jet propagation of a heated jet
for various velocity and momentum ratios with cross flow at the
three meter wind tunnel of the DFVLR-AVA Gdttingen. The measure-
ments discussed here were carried out between July 10 and July 30,
1873,

2. EXPERTIMENTAL CONFIGURATION

A Jet nozzle is installed in the test sectlon of the three
meter wind tunnel of the DFVLR-AVA Gﬁttingen [13], which has the
capability of expelling heated air. The channel cross section is
three meters and makes it possible to investigate jet propagation
for a nozzle diameter of 5 cm.

This means that for wind velocities up to;VGD,=‘501n/s itis /9
possible to have Reynolds numbers of up to Re= V_ D/ ﬂ
1.7- 105 referred to the nozzle diameter of D = BOZm. The jet
nozzle is installed at a distance of two meters from the wind tunnel
nozzle on the sting balance carrier. Filgure la shows a photograph
of the test conflguration. In the program we can see the electrical
heater through which the air is directed to the Jet nozzle. In
the measurement series presented here, we installed a plane
screening plate 0.75mwide and 1.1 m deep at the nozzle
exlt point, so0 as to provide for a pérallel flow 1n the vicinity
of the nogzle (Figuré 1b). In front of the capture funnel of the
wind tunnel we have the probe displacement device with the nine hole



probe. The schematic experimental configuration including the
measurement collection unit is shown in Figure 2. The expelled

alr 1s supplied by a screw compressor installation of the DFVLR-

AVA [14] at a pressure of P, = 2.8 bar. Thils pressure is maintained
constant through a pressure regulation valve. The compressed air
reaches the speed of sound at the narrowest point of the dosing
valve. By adjusting the central body of the dosing valve it is
possible to regulate the expelled amount. After this the ailr

runs through an electrical heater. The air can be heated up to a
temperature of tH= 400° C. The control of the heating power 1is

done by means of a 400 kW Leonard unit which is remotely controlled

from the measurement cabin.

The flow fleld was measured using a nine-hole probe (Figure 3).
This probe measured the total pressure g, the flow angleiQWI, the
sidewind angle 13&¥and the static pressure p. The preséure

difference Ap =‘p - Py is proportional to the ineclination angle

'GQ The\sidew1nd aggles is found from the pressure difference
épB = p -p 'between two pressure taps opposing ecach other and
the measured stagnation pressure q, = gm Pp using a calibration
curve [15]. The local stagnation pressure d and the static
pressure are determined for oblique wind conditions using calibra-
tion curves [15]. Pressures measured by the nine holé probe

are converfed to electrical voltages using differential pressure
measurement cells with a measurement range of 0.5 bar and 0.1 bar,
respectively (Figure 4). The output voltages of these pressure
measurement cells are amplified and are averaged in integrating|
digital volt meters over two seconds. The deviation of the _
inelination angle-pressure difference f{pa% Dy = P from the /10

11 ——

value zero 1s used to control the stepping motor of the inclina-
tion angle displacement unit of the probe displacement unit, so

that the probe automatically turns into the wind.



A thermoelement 1s installed in the probe and its output
voltage is amplified Just like that of the pressure measurement
cells and this is displayed in a digital volt meter. The measured
values of pressure and temperatures are recorded on an eight-channel
tape. The test installation with data collection unit 1s shown in
Figure 2.

3. EXECUTION AND EVALUATION OF RESULTS

In the present part of the investigationwe adjusted an exhaust
velocity of the unheated nogzgzle jet of Vj = 180 m/sec while maintain-
ing the amount of expelled air constant. By controlling the wind
tunnel veloclty, we adjusted jet velocity to incident flow velocity
ratios of ugzto Ke ﬂ;HVVdﬂll.B, corresponding to momentum ratios
of & = (ijj )/o oV o ) = 64. The experiments with the heated jet
were only carried out after adjusting a constant temperature
tH = 350° ¢ in the heater and the temperature of tR = 300° ¢ in
the expulsion nozzle. The available compressor installation can
also be used to investigate the critical (MaD = 1) and over-

critiecal (MaD > 1) nozzle jets by increasing the compressor pressure.

The measurement of the flow field is carried out in =sections
perpendicular to the channel axis for various displacements x/D
from the center of the jef nozzle. Depending on the displacement,
a range of up to 1 m2 was measured with distances between measure-

ment points of between 50 and 100 mm.

The measurements are evaluated using a FORTRAN computer
program for the electronic computer installation IBM 360/65. /11

The computer program determines the resulting local velocity

Vv (Figure 5), its components VX, V., VZ in the three coordinate

y ,
directions x, y and z and the flow angles aw‘and fi | from the
’ N



megasured data. The local jet temperature 1s normalized using the
wind tunnel Jjet temperature and is printed out. The results are

given 1in lists and on punched cards.

sSpecial plotting programs were written for the CALCOMP
Plotter in order to present the results in various methods of

representation. /12

4. RESULTS -

4,1, Tlow observation

The flow photographs (Figure 6) show the round nozzle Jet

in a cross wind for a Reynolds number of the nozzle flow of
‘ V. -1 )
RED = J =5 . IOSi' This Reynolds number is high above the

eritical Reynolds number ReD = 2300, below which we do not have

any turbulent nozzle flow, and produces a jet expansion shortly

after leaving the nozzle exit point. Even for a small cross
veloclty there is intensive mixing in the vicinity of the jet
nozzle as well as & strong deformation of the jet. The potential
core of the jet is destroyed already after a few nozzle dlameters,

and we can no longer speak of a connected jet cross section.

During the subsequent measurement of the flow field, i1t is
necessary to know that there are approximately periodiec fluctua-
tions [16/] in the turbulent mixing region which must be investi-

gated and require special care when beilng measured,

4,2. Velocity distribution in the Jjet without a crosgwind

Velocity distribution at the exit cross section of the conical
nozzle used 1s shown in Figure 7. The veloeities V in the jet
refer to the jet axls velocity VM and we have plotted the dimension-

6



less values V/VM as a function of the distance to the axis y/D.
At a distance of 0.1 nozzle diameters, the nozzle has a rectangu-
lar velocity profile, which varles hardly at all from the distri-
bution for a corrected nozzle [15]. As the distance z/D from thel
nozzle mouth is increased, the profiles become flatter. After a
distance of six nozzle diameters, they have a similar distribu-~
tion according to the shape of the Gaussian normal distribution.
 After this distance we can speak of a completely developed free
Jet. The heating of the jet to a temperature of tj = 300° C
corresponding to a temperature ratio of € = -jﬁ/jim = 2brings
about a stronger sideways| propagation of the hot jet, i.e., a
somewhat greater half value radius RD.S‘ The velocity distribu-
tion V/Vj along the jet axis 1s shown in Figure & and indicates
the beginning of a completely developed free jet at a distance

of 6 nozzle diameters. Here agéin for the conical nozzle unit we
find no noticeable differences in the velocity decrease along the
jet axis z/D as compared with the measurements with corrective
nozzles [15]. The heating of the jet therefore seems to cause

a stronger jet mixing with the surroundings so that here the
decrease in the axial velocity Vi is somewhat faster than for the
cold jet. Compared with the results of 8. Corrsin [173, we

measured somewhat larger velocitles.

k.3, - Velocity‘distfibuEIOn in the Jjet with a crosswind

Using a a plotting program we plotted the velocities V
divided by the incident velocity VOO and show the lines of
equal velocity V/V_ = const (isotachs), (Figures 9 to 12). 1In
order to show the distance between the jet field and the nozzle

exlt point, we also show the nozzle to scale in these diagrams.



Already after a short distance of U nozzle diameters, we can
see the deformation of the jet cross section (Figure 9) with the
isotachs for a momentum ratio of ¢ = 64L We already see a clear

horseshoe shape of the jet cross section.

As the distance x/D from the nozzle increases, two veloclty
maxima are formed depending on the magnitude of the momentum
ratio #| . As we will later on show, this coincides with the
position of two vortex centers (Figures 10 to 12).

4,4,  Temperature distribution in the jet with a crosswind =~ /14

Local temperatures T are made nondimensional using the maxi-
mum temperatures TmaX which occur in the cross section. The
curves of equal temperaturﬁ'T/’I‘maX = const (isotherms) are shown
to scale in addition to the nozzle exit point in the subsequent

diagrams (Figures 13 to 16).

For the momentum ratlog = Géﬁnvestigated, the vortex develop-
ment in the jet 1n a crosswind is so well developed that the
temperature dilstribution takes on a form similar tolthe veloclty
distribution. The temperature maxima occur at the vortex centers.
At the jet center line, which 1s often assumed to be the line
of maximum jet velocity, we measured substantially lower tempera-

tures.

b5, Veloclty vectors in the normal plane

The projection of the velocity vectors ¥ V&J on the y-z plane
is shown in Figures 17 to 20 and gives a better idea of] the
flow processes which occur with a jet 1n a crosswind. For orienta-
tion, the figures also contaln the nozzle exit point and a com-

parison vecteor having the magnitude VZ/V = 0.1 and these are drawn

s3]
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to scale. All of the plots were made for the momentum ratio
@ = (4

-

Already after a short distance of Y4 nozzle diameters
{(Figure 17) the nozzle jet is deformed into a horseshoe shape
cross section, and there 1s a vortex-like secondary flow at its
extremities. As the distance increases x/D=7\(Figure 18a), these
vortices develop even more. The centers of these vortex pairs
which rotate in opposite directions move farther away from the
nozzle exit point in the direction of the z axis as the distance

ig increased.

A compérison of the vector diagrams of the hot{® = 2 )jand the / 15
cold nozzle jet for the same momentum ratio® = G4bnd for the
distances x/D = 7 (Figure 18a and 18b) and x/D = 15 (Flgures
19a and 19b) shows that the structure of the jet cross section
is maintained in the form of two opposing vortex pairs. Alsc the
distance z of the vortex centers from the ncozzle mouth is not
influenced by the temperature, The differences between the flow
fields of cold and hot jets with the same momentum ratio ‘¢‘
seems only to be expressed by a greater propagation of the vortex
field of the hot jet. In the far field of the Jet, after 30
nozzle diameters (Figure 20)ﬁa vortex palr can still be found even
for the hot jet. This vortex pair 1s only consumed due to the

action of frictiocn of a greater distance.

Y. 6. Three-dimensional representation of the flow field

In order to give a clear representation of the flow field of
a round jet in a crosswind, we present an isometric picture in
three dimensions in the following diagrams (Figures 21-24). The
y-z plane is represented by the coordinate axes y/D and z/D,
and we have plotted the dimensionless velocity field(V&— Vaﬁ/vcﬂ'

o



At small distances from the jet axis (Figure 21) we have.a reglon
of high over velocitﬂ(vgi"vvaﬂ/vaj > 1Jover the jet center 1line,|
which can be called the jet core. To the side of this core we
have over velocitiles VX > \QD.at the centers of the vortices.

These over velocities whose maxima coincide with the centers of
the opposing vortex palr, surround a wake region 1in the symmetry
plane (y/D=0) according to Figures 22a and 22b, The jet core
can only be distinguished because of a small over velocity.

The velocity fields of the hot and cold jet are very similar, if
the same momentum ratio 4 occurs. Even after a large distance /16
X/D=15 the similarity of the flow fleld of hot and cold jets in
a crosswind remalns (Figure 23a and 23b). In the far field
(Figure 24) the velocities (V_-V_)/V ]are greatly reduced but
the wvortex centers which are the reglon of maximum velocity, are
maintained. These absorb the axial momentum of the Jet and

flow away 1in the direction of the Jjet axis.

Y.7. Comparison with theoretical and experimental results

- of other authors

The variation of the found jet in the crosswind is often
expressed by the variation of the jet axis, i.e., of the line of
maximum velocity along the symmetry plane of the flow field.
Figure 25 shows such a theoretical wvariation according to
H. Schmitt [12] for cold jets for momentum ratio of 4 = 64.
Experimental results of Keffer and Baines [10] and of Thompson
[18] are also shown in this figure for cold jets for comparable
momentum ratios of g = 64 and & = 65,5, respectively. In addi-
tlon we also show the present results for hot and cold jets for
the momentum ratio 4 = 64, The jet axis is characterized by the
maximum in the Vx velocity. It can be seen that for smaller
distances x/D from the nozzle, the theory and experiments of

Keffer and Baines and of Thompson agree very well, For greater

10



distances, the experiments of Thompson result in a somewhat

reduced reflection of the jet compared with the theory, which

can only be partlally explained by the somewhat greater momenftum
ratics|which were used in the measurements of Thompson. The
measurement point for cold jets which is a result of the present
investigation, is very close to the measurement curve of Thompson.

On the other hand, according to the present investigation, the
measured values for a warm jet are closer to the theoretical curve./17

The coordinates x/D and z/D of the vortex centers of the
opposing vortex pairs were determined 1n our investigation. These
values are shown in the diagram for hot and cold Jjets for the
momentum ratio 4 = 64. A curve was drawn through the values
corresponding to hot Jjets. In addition, we also show the
measured values of Thompson for the cold jet, but for a somewhat
greater momentum ratio g = 65.5. With a somewhat greater momentum
ratio, it is possible to partially explain the differences in the
position of the measurement polnts of Thempson and cur measure-
ments. Comparsd with the wariation of the jet axis, the vortex
axls has a somewhat greater deflectlion due toc the crosswind., The
experimental results [15] show that the position of the vortex
axls 1is unchanged for hot and cold jets with the same momentum

ratio 4.

5. SUMMARY

The experimental investigations for cold (6=1) and hot nosgzzle
jets (6 = 2} in a crosswind have shown that the initial horseshoe
deformation of the jet cross sectlion of a round jet in a crosswind
leads relatively soon to a formation of a vortex pair rotating
in opposite directlions. This vortex palr limits the deflected
jet on both sides and absorbs the momentum of the jet.

11



For the same velocity ratio v,the position of the vortex
pairs 1s displaced according to the temperature ratio 8 of the
Jet flow and the cross flow; towards smaller nozzle distances|
z/D. On the other hand; if the same momentum ratioc ¢ is main-

tained for cold and hot jets, then the position of the vortex

palr is essentially conserved. For the hot jet we find a greater

expanslon of the flow field, however.

Comparisons of the position of the vortex pairswith the
corresponding 1nvestigations of other authors on the position
of the maximum velocity along the symmetry line shows that

there is a greater deflection of the opposing vortex pair.
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TABLE 1.

MEASUREMENT PROGRAM

i

MR y - x/D € |Photo No. :

2010 - 2022 8 64 7 1 18b, 22 I
2024 - 2041 8 G4 L5 1 19b, 23b

2079 - 2092 11,3 64 4 2 9,12,17,21 ';

12065 - 2078 11,3 G4 7 2 10, 14, 183, 22a ‘ ig

30_4( - 2064 11,3 64 15 3 11, 15, 192, 232 H

{2093 - 2104 11,3 64 30 2 12,16, 20, 24 L

4|
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Figure 1la.

Test installation without screening plate.
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Figure 12, Velocity distributien in the transverse plane (y-z plane)
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Figure Z@. Temperature distributlon (lsotherm) in the transverse
plane (y-z plane) x/D =15, ¥ =11,3; ~ =64, @ = 2]
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Figure 16, Temperature distribution (isotherm) in the transverse
plane (y-z plane) x/D =30,y =11,3; ~ =64, © = gl
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